Detailed study on combining geothermal energy and thermally enhanced oil recovery.
• Combining these projects can reduce the required subsidy for geothermal projects.
• Wellbore spacing plays a key role in oil recovery and geothermal energy performance.
• Effectiveness of enhanced oil production strongly depends on the heat plume shape.
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A B S T R A C T
A new solution for harvesting energy simultaneously from two different sources of energy by combining geothermal energy production and thermal enhanced heavy oil recovery is introduced. Numerical simulations are employed to evaluate the feasibility of generating energy from geothermal resources, both for thermally enhanced oil recovery from a heavy oil reservoir and for direct heating purposes. A single phase non-isothermal fluid flow modeling for geothermal doublet system and a two-phase non-isothermal fluid flow modelling for water flooding in an oil reservoir are utilised. Sensitivity and feasibility analyses of the synergy potential of thermally-enhanced oil recovery and geothermal energy production are performed. A series of simulations are carried out to examine the effects of reservoir properties on energy consumption and oil recovery for different injection rates and injection temperature. Our results show that total oil production strongly depends on the shape of heat plume which can be affected by porosity, permeability, injection temperature, well spacing and injection rate in the oil reservoir. The favourable oil recovery obtains at high amount of (a) injection rate, (b) injection temperature, (c) porosity and (d) low amount of oil reservoir permeability respectively. Furthermore, our study indicates the wellbore spacing plays an important role in oil recovery and an optimum wellbore spacing can be established. The analyses suggest that the extra amount of oil produced by utilising the geothermal energy could make the geothermal business case independent and may be a viable option to reduce the overall project cost. Furthermore, the results display that the enhance oil productions are able to reduce the required subsidy for a single doublet geothermal project up to 50%.
Introduction
In the Netherlands geothermal energy production from deep geological formations has a great potential as environmentally benign heat source, and its usage has been growing since the first well doublets were realised in 2007 [1] . The main geothermal targets are hot sedimentary aquifers at depths between 2 and 3 km with approximately a temperature of 70-100°C (e.g., [2] ). A doublet system consisting of a hotwater production and a cold-water reinjection well can be utilised to harvest energy from the hot sedimentary aquifers (e.g., [3] ). Despite recent developments and a growing number of projects in the Netherlands, however, geothermal energy is not yet cost-competitive without subsidies.
Many of the geothermal reservoirs identified and currently used in the hot sedimentary aquifers of the Netherlands are in close proximity and often from the same reservoir rocks as the well-characterised hydrocarbon resources of the country. And even though these oil and gas reservoirs have been exploited successfully for many decades, not all of the known resources have been produced, some reservoirs have even been abandoned for various reasons. An example of an abandoned oil reservoir is the Moerkapelle field in the West Netherlands Basin, which contains highly viscous heavy oil at approximate 850 m depth. The viscosity of the oil was simply too high to be produced economically.
One way to produce heavy oil is by hot water or steam injection. While this method of enhanced oil recovery (EOR) is routinely applied all over the world it is not always energetically or economically viable. In the case of the Moerkapelle field, operations were stopped because the viscosity of the oil in the reservoir was so high and the reservoir is relatively small such that standard EOR approaches available at the time did not help to produce enough of the available oil. For this reason, the field was abandoned in1986.
In this paper, the synergy potential of a combined energy production from a geothermal reservoir and the heavy oil from the Moerkapelle field is investigated employing numerical simulations. The geothermal reservoir will provide the hot water for flooding of the oil reservoir as well as for the heating of greenhouses or other buildings nearby. The oil produced could make the overall project economically feasible: the hot water makes oil production possible and the co-produced oil could make the geothermal business case independent of subsidies. To perform such a study, both parameters that control the efficiency and productivity of a geothermal reservoir and those making heavy oil production feasible and profitable are examined.
Hot water flooding as a key method for thermal enhanced heavy oil recovery, is utilised routinely in the oil and gas industries [4] . Many authors [5] [6] [7] suggested that the most effective methods are steam flooding or hot water flooding resulting in an enhanced recovery factor of about 20-30%. Numerous laboratory experiments and numerical simulation studies have shown that the oil viscosity and mobility ratio can be reduced by hot water injection, resulting in ultimately resulting in improved oil recovery (e.g., [8] [9] [10] [11] [12] ). Martin et al. [13] , considering a case study of a hot water flood pilot test in the Loco field in southern Oklahoma which contains crude oil with 600 cp viscosity, showed the hot water flooding yield oil recovery increasing. In another case study, Cassinat et al. [14] showed hot water injection may significantly increase pool recoveries as much as 25% in the Senex oil field located in Northern Alberta, Canada, which contains a 12 cp (37°API) crude with high paraffin content. Yu [15] showed that when injecting cold water to displace oil, the injected cold water cools down the oil layer which increases the oil viscosity and changes the oil-water phase permeability. These changes result in an oil displacement efficiency reduction of 2-8%. Pederson and Sitorus [16] , Wang and Wang [17] , and Chen et al. [18] indicated that thermal water flooding is superior to conventional water flooding, and can improve oil recovery by 4-10%. While in most cases the hot water for thermal water flooding is produced by burning fossil fuels, a geothermal reservoir could provide an economically and environmentally promising alternative to provide steam or hot water. Abandoned deep-hydrocarbon reservoirs and dry wells also have been considered as geothermal energy source [19] . Simulation studies of hot water injection in heavy oil reservoirs (and its effects on oil reservoir behaviour) and of geothermal doublet performances are individually well developed [3, [20] [21] [22] [23] [24] [25] [26] [27] . Investigations combining the geothermal energy sources and heavy oil reservoirs, however, are still limited.
To our knowledge, this option has only been tested once so far by Wys et al. [28] , who conducted an economic feasibility study on recovering heavy oil using a geopressured geothermal resource in an oilfield of south Texas. The study showed that the breakeven price for oil is less than 14 dollars per barrel and for gas less than 2 dollars per thousand cubic feet and the payback is less than 2 years after injection [29] . They suggested that such an application is profitable for heavy oil recovery enhancement. However, they did not consider some controlling parameters such as wellbore distance, injection rate and injection temperature on the oil recovery.
In this study, the feasibility of generating energy from geothermal resources, both for EOR from a heavy oil reservoir and for heating purposes is addressed through a numerical study. specific site are utilised. And the sensitivity of the system to several injection parameters, such as well distance, injection temperature and injection and production rates is explored.
The aim of the present study is to assess and develop new strategies for integration of geothermal energy with heavy oil production from a stranded oil field. To this end, we develop a model involving the solution of a nonlinear conduction-convection heat transport and two phase fluid flow occurring in porous media to analyse the key parameters such as porosity, permeability and the injection rate/temperature in the oil reservoir and also how these parameters could control the ultimate heavy oil recovery, sweep efficiency and the geothermal energy consumption.
Methodology
In the Netherlands the Westland area has the highest density of greenhouses, several of which are heated by geothermal energy. The reservoir is usually a porous sandstone from the Lower Cretaceous Nieuwekerk formation in the West Netherlands Basin. Many hydrocarbon fields in the Netherlands are either abandoned or are not developed due to being non-profitable such as Moerkapelle [30] [31] [32] . The Moerkapelle field (white lines in Fig. 1 ), located about 15 km northeast of the city of Delft, is a heavy oil field in the lower Cretaceous Delft Sandstone at a depth of about 800-1000 m. Petrophysical analysis of the logs from the Moerkapelle wells provided average properties for the Delft Sandstone, which are listed in Table 1 . Below of this stranded field at depth between 2 and 3 km, there is a sedimentary aquifer (geothermal reservoir) with approximately a temperature of 70-100°C, which can be utilised for enhanced thermal heavy oil recovery.
The simulation study shown in Fig. 2 consists of two domains: (1) a geothermal doublet (single phase flow model) and (2) a heavy oil (twophase flow model) reservoir.
For the geothermal model (Domain 1 in Fig. 2 ), similar to Willems et al. [33] , a three dimensional (3D) finite element method implemented in COMSOL Multiphysics is utilised to simulate fluid flow and heat transfer processes in geothermal doublets which consist of a cold water injection well and a hot water production well. This provides the data for the calculation of the doublet performance. The results generated from the geothermal simulation are obtained assuming that connectivity and net to gross (N/G) ratio of the sandstone reservoir are both 100%. Three layers (each with 50 m thickness) are simulated in 37°C (e.g. [34] ) and an initial reservoir temperature of 100°C are considered. The reservoir properties such as average porosity, permeability and reservoir rock thermal properties (Table 1 ) are chosen based on Crooijmans et al. [20] . It should be noted that the pore fluid used in the dynamic model is brine with a constant specific heat capacity, heat conductivity and salinity. The viscosity and density of the brine vary with temperature, the salinity of the brine and pressure [35] . The injection and the production wells have the same discharge rate (e.g. [34, 36] ), which remains constant over time. The two outer boundaries at the short edge are assigned a constant pressure; the others are modelled as no flow boundaries.
For the oil reservoir model (Domain 2 shown in Fig. 2 ), a non-isothermal two-phase flow model developed in ECLIPSE 300 is utilised to investigate the energy consumption for thermal EOR. Both models contain two wells (injection and production) and initial reservoir conditions are homogeneous (i.e. uniform porosity, permeability and reservoir rock thermal properties). With this model setup, responses for constant mass rate injection scenarios are studied. Although these conditions are clearly idealized, model simulations are considered appropriate to illustrate the essential generic features of EOR. Evaluation of detailed responses of specific reservoirs might necessitate consideration of reservoir-specific parameterizations, but these are considered beyond the scope of the present evaluation. The model for Domain 2 contains two wells of which one is used to produce heavy oil from a depth of approximately 800 m and the other serves as the injector of hot water. This hot water is provided from a geothermal reservoir (Domain 1), beneath the Moerkapelle oil field, partly pumped directly into the oil reservoir or pumped through a heat exchanger for energy extraction purposes at the surface before it is reinjected into the deep aquifer again. In Domain 2, the initial gas oil ratio (GOR) of Moerkapelle field is 16 [37] , indicating that there is little light components in the oil. Due to limited access to Pressure, Volume, Temperature (PVT) information data of the reservoir fluid properties, some missing data are adapted from the Fourth Society of Petroleum Engineers (SPE) Comparative Solution Project, problem 1 [38] . Some sensitivity analyses are performed to show the impact of the adjusted reservoir fluid data on the ultimate heavy oil recovery for the Moerkapelle field. The size of the oil reservoir model, as base case scenario of the model, is 500 × 200 m 2 and 30 m in thickness that includes 448,740 m 3 of crude oil as original oil in place (OOIP). The model consists of 24,000 (100 × 40 × 60) grid cells (hexahedra) in which the rock is assumed to have isotropic and homogenous properties. Thermal properties including thermal conductivity and heat capacity of rock are also assumed to be homogeneous, but different for the cap and the base rock. Table 2 summarizes grid thermal properties used in the base case model. Heat transfer in geothermal systems can be described with two main processes: conduction and convection. For a system with a rigid rock, incompressible fluids and local thermal equilibrium between rock and fluid the heat transfer equation reads: 
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( ) f f f . The total thermal conductivity is expressed as: = + λ I λ λ eq dis . Where λ eq is the equivalent conductivity of the fluid and the matrix and the λ dis the thermal dispersion tensor. This equivalent conductivity and the volumetric heat capacity are both volume averaged:
where the suffixes s and f stand for solid (shale, sand) and fluid (brine), respectively.
Thermal dispersion has an influence on the total conductivity. The thermal dispersion can be described as a function of the fluid velocity and fluid heat properties. The thermal dispersion tensor which is based on the solute dispersion model [39] , reads:
where |u| is the magnitude of the Darcy velocity vector and α L and α T are the thermal dispersion coefficients in the longitudinal and transversal direction, respectively. The pore fluid used in the dynamic model is brine. The brine has a constant specific heat capacity, heat conductivity and salinity ( 
The density of the brine depends on the temperature, the pressure and the salinity (S a ) as: 
For Eqs. (5)- (7) , T is in [°C] and P in [MPa] [35] . The yearly energy production by a geothermal doublet can be calculated through Eq. (8) .
where E Δi (J/year) is the annual thermal energy extracted in the i th year, ṁi (kg/year) is the total mass production of hot water in the i th year, c p (J/kg K) is the specific heat of the circulating fluid and T Δ i (K) is the temperature difference between the produced and injected fluid in the i th year. The total produced energy for n years of production can then be obtained as the summation of the energy provided on overall n years (e.g. [40, 41] ).
Heavy oil reservoir (Domain 2)
For the oil reservoir (Domain 2) the energy balance and the continuity (including heat loss rate to overburden and underburden and pressure and temperature dependency of fluid properties) are solved by using a non-isothermal numerical reservoir simulator in a 3D Cartesian domain. It is assumed that the reservoir model is at the depth of 800 m and its initial temperature is estimated to be 37°C. All the cation concentrations in the reservoir are assumed to be in an equilibrium state with the reservoir rocks. The model contains a vertical injection well and a vertical production well (Fig. 2) .
For all scenarios hot water with various temperatures, starting at initial oil reservoir temperature up to 140°C, are injected through injectors for 20 years. The injection rates are 150-1000 m 3 /day with an assumption of no restriction in the bottomhole pressure of the injection well. This implies that there is always enough pressure for production, regardless of the size of the reservoir. It is assumed that water is in the liquid phase and can be supplied continuously without well integrity problems in the case of unconsolidated sandstone during the entire injection period. The oil producer is controlled with the bottomhole pressure of 0.7 MPa (100 Psia) and the target rate is the same as the injection rate value. Heat dissipates into reservoir fluid and rock through hot water injection in the injection well and, hence, oil can be produced through the oil production well due to viscosity reduction.
The energy balance Eq. (9) and the mass balance Eq. (10) employed in the non-isothermal black oil model are explained below. The energy balance equation takes the following form
where the subscripts o, w and r refer to the oil, the water, and the solid phase (rock) respectively.ϕ 2 is the oil reservoir porosity and λ 2 is the bulk thermal conductivity [W/(mK)], ρ [kg/m 3 ] and S [-] are the density and saturation of each phase respectively. In Eq. (9), it is implicitly assumed that local equilibrium is established [42] . Mass conservation is represented by
where the specific volumetric velocity u i is given by Darcy's law, = − ∇ u kk μ P / i r i i i , where μ i is viscosity of each phase (oil/water) and * Q is source/sink respectively. Here the relative permeability data (k ri ), derived from the Brook and Corey correlation, are utilised based on the following parameters:
Note that the effects of temperature [43] on relative permeability are not considered here.
Viscosity and density are important physical properties of crude oil. However, no practical theory exists for the calculation of these properties for heavy oil at elevated temperatures. In this study, heavy oil viscosity was adopted as a function of API and temperature. The predicted values of the viscosity are used in the next step to develop the fluid model. The oil viscosity and oil density are 850 cp 15°API at the initial reservoir condition respectively [31] . Here, a correlation for prediction of the viscosity of heavy oil as a function of temperature and the oil API is developed [44] . Similar to Bahadori and Vuthaluru [45] and Bahadori [46, 47] the identical methodology is applied to develop the correlation. Eq. (11) represents the proposed correlation for the viscosity of heavy oil as a function of temperature and the API: 
where for i = 1, 2, 3, 4, the parameter a i is equal to 
The fitted constant coefficients calculated by the least square method are listed in Fig. 3a . Note that in Eq. (11) the temperature is in°C and the kinematic viscosity measured in cSt, γ, can be converted to dynamic viscosity in cp, µ, by multiplying by oil specific gravity [44] . Fig. 3a shows the regression result and a comparison between the experimental data with calculated viscosities at different temperatures in°C.
Models validation
In this section before presenting results, which document the impact of various effective parameters such as injection temperature/rate on heavy oil recovery, the numerical uncertainties for model convergence evaluation are considered. In general, discretization errors are the dominant sources of numerical errors in computational simulations (e.g., [48] ). In order to minimize numerical uncertainties, such as numerical dissipation, it is essential to choose a proper grid discretization. This provides some assurance that potential inaccuracies associated with discretization are relatively small. The base case is modelled using different grid sizes, from coarse to fine. The size of the grid cells is gradually decreased until there is no significant difference in the numerical results between two successive mesh densities. For the geothermal model (Domain 1), discretised by 3D tetrahedral and hexahedral finite elements (Fig. 2c ), a maximum finite element mesh size of 20 m × 20 m × 2.5 m is chosen based on study of Saeid et al. [49] . The minimum finite element mesh size is 0.5 m. Saeid et al. [49] analysed the discretisation error for a similar dynamic model and found that the chosen mesh size results in a negligible discretisation error for the fluid and heat transfer simulations for the range of studied parameters. In this study, the relative and absolute error tolerances for flow and heat transport simulations are set to 10 −5 and 10 −6 , respectively. Similarly, the results for the oil reservoir model (Domain 2) indicate that a grid cell with an average grid size of 5 m × 5 m × 5 m (100, 40 grid cells in x, y and 6 in z directions respectively) is sufficient (Fig. 3b ).
Results
In this study several scenarios are examined to understand the degree by which different reservoir parameters affect heavy oil production. The parameters selected for the sensitivity analysis with their corresponding minimum and maximum values are listed in Table 3 .
Geothermal reservoir (Domain 1)
For the geothermal reservoir (Domain 1), the transient water temperature at the production well is calculated in order to estimate the life time of the geothermal doublet. The life time of the geothermal doublet is defined as the time when the production fluid temperature drops below the minimal production temperature (here 90°C). In this study the temperature losses in the wells are neglected. Saeid et al. [49] , by simulation of flow and heat transfer in the reservoirs and in the wells surrounded with the rocks, illustrated that the temperature losses in the wells have negligible effect -in the long term -on the temperature of the production fluid of a geothermal system due to the fast flow condition in the wells. Fig. 4 illustrates the contribution of the injection rates on the production well performance of the geothermal doublet. These results show that although a low injection rate enhances the lifetime (Fig. 4a ) it decreases the produced energy (Fig. 4b ). There is a significant reduction in the lifetime of the system when the discharge increases from 2400 m 3 /day to 6000 m 3 /day [41] . For higher injection rate values, this effect becomes less significant which is in accordance with the findings of Saeid et al. [49] . Based on this analysis, the geothermal aquifer can serve as a long term source for hot water injection into the oil reservoir during the enhanced thermal heavy oil recovery project.
Oil reservoir (Domain 2)
Effect of wellbore distance
The optimum distance between the producer and injector can be determined based on geology, ease of drilling and operation, and maximum production operation conditions such as flow rates. In order to investigate the impact of wellbore distance on oil recovery five different well spacing scenarios have been considered: 100, 200, 300, 400 and 500 m, while all other parameters are kept as for the base case. Fig. 5 shows the effect of wellbore distance on TOP Δ when various injection rates (150-1000 m 3 /day) are applied. TOP Δ indicates the total/cumulative oil production (TOP) difference (oil recovery) between conventional water flooding (the injected water temperature similar to that of the oil reservoir) and hot water flooding.
As illustrated in Fig. 5 , scenarios with increased wellbore distance decrease the TOP Δ for short time injection (less than 10 years). Also for short time injection, the highest oil recovery is observed when the injection rate is highest and wellbore distance is lowest. By contrast, as shown in Fig. 5f , for injection periods of more than 10 years (point A) the wellbore distance of 200 m gives higher oil recovery, related to the higher amount of original oil in place (OOIP) between production and injection wells. Furthermore, by continuing the injection period approximately for 20 years, the oil recovery for the scenario with 100 m wellbore distance reaches that of the system with a 300 m wellbore distance. However, at this time, the corresponding oil recovery (point B) is still less than that of the system with 200 m wellbore distance. 
Effect of injection temperature and rate
Although injection temperatures and rates have direct effects on the oil recovery, these effects strongly depend on the operational conditions (e.g., bottomhole pressure). To quantify such effects several scenarios are studied. Fig. 6 displays predicted total oil production curves for both, various injection temperatures and rates. The curves depict the behaviour for 20 years of continuous injection. Fig. 6a shows that the oil recovery is slightly affected by the temperature of the hot water injection when injection rate remains low (150 m 3 /day). By contrast, at higher injection rates the injection temperature has a significant influence on the oil production ( Fig. 6d-f ).
Apart from these assessments, the effects of non-uniform injection and production rates on oil production are further examined. As shown in Fig. 7 , the oil recovery has a higher sensitivity to the injection temperature when the injection rate is less than production rate. This is related to the lower water cut in the production well.
The simulation results show that the oil recovery is rather insensitive to increasing of the injection temperature at injection rate higher than the production rate. Moreover, increasing the injection rate beyond the production rate reduces the oil recovery improvement considerably.
Effect of oil reservoir porosity and permeability
Five different average oil reservoir porosities: 10%, 18%, 25%, 30%, and 40% are considered to compare the total oil recovery between the conventional water flooding (37°C) and the hot water flooding (100°C). Fig. 8 shows the TOP Δ (i.e. the total/cumulative oil production difference between conventional water flooding and hot water flooding) curves for these scenarios with different injection rates of 150, 250, 500, 750 and 1000 m 3 /day. The results show that increasing the porosity leads to a higher TOP Δ . For the scenarios with high injection rates the oil reservoir porosity has a significant effect on the oil recovery.
The impact of reservoir permeability on TOP Δ is shown for models with a hot water flooding (100°C). In fact, TOP Δ seems to slightly decrease for increasing permeabilities within the range investigated.
While oil recovery is increased with increasing injection rate the permeability increase has an adverse effect on TOP Δ .
Consumed energy for the thermal oil recovery
As mentioned before the hot water (heat) can be provided from a geothermal doublet. Figs. 9-11 indicate the cumulative oil production ( TOP Δ ) versus the cumulative injected (hot water) energy in the oil reservoir domain. The cumulative injected energy (E inj ) with respect to the initial oil reservoir temperature (T init ) in the oil reservoir domain is calculated through
, n is the number of time steps, Q i is the hot water injection rate and T inj is the injection temperature. Fig. 9 shows the model with the wellbore distance of 200 m is the most effective one for oil production. The highest TOP Δ and RF Δ (i.e. the recovery factor, RF, difference between conventional water flooding and hot water flooding) are displayed for E inj in the range between 300 and 1000 GWh. Point A in this Figure indicates that the oil productions (ΔTOP) for 100 m and 200 m wellbore distance are identical at E inj = 250 GWh. However, for E inj less than 250 GWh (point A) the 100 m distance gives the highest oil production.
The hot water injection is continued for a long time to study the produced oil values for different wellbore distances. As shown in Fig. 9 the TOP Δ for 100 m is less affected by the used energy and only increases slightly with higher energy input. For larger well distances, however, the increase of total production is greater with increasing energy input. At points C and D in Fig. 9 the amount of the TOP Δ and E inj for 100 m well spacing are equivalent to those for 400 m and 500 m well spacing, respectively.
Moreover, our results show almost a linear relation between the total oil production enhancement and E inj for 400 m and 500 m wellbore distances. With continuing energy injection over time from 5 to 1000 GWh, ΔTOP increases from 1.8 to 4.2 × 10 4 m 3 when the wellbore distance is 500 m. However, at 1000 GWh cumulative energy injection, the highest value of the oil recovery is observed for 200 m wellbores distance.
To address the effect of different injection temperatures and rates on the oil production and E inj two scenarios are studied. Fig. 10a and b depicts the effect of different injection rates and temperature on the oil recovery over the consumed energy. For higher injected temperature the oil recovery curves are least sensitive to the injection temperature changes at constant injection rate (Fig. 10a) . In contrast such a curve is most sensitive to different injection rates at constant injection temperature (Fig. 10b) . For low E inj values (37.5 GWh) the injection rates 250 and 500 m 3 /day give same oil production amount about 7.5 × 10 3 m 3 (Fig. 10d) . Such behaviour can also be observed for different injection temperatures in Fig. 10d . Note that this happens at different time affecting the economy of the project. Table 3 The range of the parameters used for the sensitivity analysis are based on the data from the deep geothermal projects in the Netherlands (http:// nlog.nl/geothermie).
Geothermal reservoir (Domain 1)
Reservoir porosity (-) 0. In Fig. 11 , the effects of porosity and permeability on the oil recovery versus E inj are displayed analogous to Figs. 6-8. The effect of porosity is strong, with a general increase of total oil recovery the higher the porosity value is. For permeability, the effect is much less pronounced. In general, higher permeabilities have a slightly negative effect on total oil production, especially with increasing energy input. Fig. 12 demonstrates the oil production well performance in the oil reservoir domain. The temperature profile in the production well progressively increases up to ∼90°C after approximately 1000 days (Fig. 12b ) when the injection rate in the oil reservoir is more than 500 m 3 /day. Also as shown in Fig. 12d and e while values of the water production temperature are sensitive to the injection rate/temperature and wellbore distance, they are almost unaffected by the porosity and permeability variations.
It is assumed, in the onset of the hot water flooding, surface water with temperature of 10°C (T s ) and with similar thermal properties of the formation water can be utilised until enough water for reinjection is produced from the oil reservoir (Fig. 12a ). As shown in Fig. 12b , at the later stage of oil recovery, the produced water temperature increases and the temperature drop (the temperature difference between the injection and the production wells) is about 10°C for injection rate more than 500 m 3 /day. This implies that less energy is required for heating of the injection water for the oil reservoir. This behaviour is a positive factor to compensate part of the energy input in the oil reservoir.
When the thermal front reaches to the production well the oil production enhancement occurs and hence the temperature profile in the production well raises from initial reservoir temperature to approximately injection temperature. Thus the net cumulative energy consumption for the oil reservoir can be defined as
where Q inj w and Q pro w are water injection and production rate (m 3 /day) of the oil reservoir and j is the number of injection years. T inj and T pro are water temperature in the injection and production wells in the oil reservoir respectively. Figs. 13 and 14 show the total cumulative oil production versus E n . From Fig. 13 a number of distinct features can be observed. First energy required to produce oil for 500 m wellbore distance is about 2 time larger than that of the 300 m wellbore distance at end of 40 years. Secondly, at a given net cumulative energy consumption (E n = 26 GWh) the oil productions and hence the oil recovery (that is ratio of the oil production over the OOIP) for 100 m wellbore distance is equivalent to those for 200 m. Such behaviour is also exhibited for 300 m, 400 m and 500 m wellbore spacing. Results of this study demonstrate that the optimum wellbore distance considering the E n larger than 200 GWh and oil recovery is 200 m.
From Fig. 14b it is evident that by growing the consumed energy more than 40 GWh the optimum amount of oil production is exhibited for the 1000 m 3 /day injection rate. Also for injection rates less than 500 m 3 /day due to consumed energy enhancement (after 35 GWh) the oil production will not reach a significant value and becomes constant. For the energy consumption more than about 50 GWh, the result for 100°C injection temperature is similar to that inferred for injection temperature of 120°C and no significant oil recovery improvement is observed for T inj larger than 100°C (Fig. 14b ). It is important to highlight that if only recovery is considered the higher injection temperature results in higher TOP Δ (Fig. 6c ) and if the net cumulative energy consumption is also considered TOP Δ is rather insensitive to the injection temperature higher than 100°C for a given energy consumption of more than 50 GWh. 
For the geothermal reservoir, the focus is on energy harvesting from a well doublet. The two parameters used here are injection rate and initial geothermal reservoir temperature of 100°C in order to provide required energy for heavy oil production. The influences of other parameters such as porosity, permeability, reservoir heterogeneity and fractures on geothermal doublet performance have been explored in detail by previous studies (e.g., [20, 40, 50, 51] ). Saeid et al. [40] investigated various factors influencing non-isothermal flow in [20] considered the influence of the facies distribution for heterogeneous media on geothermal doublet performance in the Netherlands. The current study addresses cumulative energy production from a geothermal doublet with various injection rates (Fig. 4) .
The results show that the cumulative energy harvesting over 20 years from a geothermal doublet for injection rate 4800 (m 3 /day), is 2660 GWh which is much bigger than the energy required for enhanced thermal oil recovery for a single injection and production well in the Moerkapelle field. This provides enough energy for additional purposes or for heating up the water for many injection wells utilising hot water flooding scheme for the oil reservoir depending on their injection rates.
Oil reservoir (Domain 2)
Wellbore spacing
The key objective in the hot waterflooding process is to achieve a high temperature distribution around the oil production wellbore. For long distance between the injection and production wells it takes longer for the heat plume to arrive at the producer such that the oil viscosity reduction initially just happens near the injector. In that case no significant oil saturation alteration in the reservoir and near the producer is observed. As a result, efforts are ongoing to improve the temperature distribution and allow the heat to reach the producing wells, enabling production of oil with reduced viscosity. This may be achieved by either reducing the distance between injection and production wells or longer hot water injection time.
The well spacing is thus a critical parameter in an economic study on thermal EOR. While smaller well spacing accelerates the time needed for a viscosity reduction and enhanced production, a larger well spacing covers a higher amount of original oil in place (OOIP). Our results show that the 200 m wellbore distance gives the optimum value of oil recovery (Fig. 11 ), related to the higher amount of original oil in place (OOIP) between production and injection wells (drainage area) compared to smaller well spacing and faster production. This is in accordance with the results of Cheung et al. [52] , Zhao et al. [53] and Verney [54] , illustrating that the optimum well spacing in hot waterflooding or steam flooding is approximately between 80 and 250 m when the project economics are taken into consideration. Although Fig. 11 . TOP Δ versus E inj in the oil reservoir for various porosity and permeability when wellbore spacing is 100 m. short distance between the injector and producers leads to favourable oil recovery, well space reduction is not the best way because well drilling costs and also early high water cut in the producers are not favourable [55] . In contrast when the wellbore spacing increases, the injection period dramatically advances, as a major issue, to carry the heat toward the oil production well. However, the optimum wellbore spacing depends likely on oil viscosity. For oil with high viscosity, shorter wellbore spacing would be required compared to when the reservoir contains oil with low viscosity. This dependency, however, has not been investigated in detail yet and is subject to further studies.
Impact of reservoir properties
This study illustrates that higher permeability causes early water cut for hot water flooding in the reservoir resulting in the oil recovery reduction. However, the opposite behaviour is observed for increasing porosity. Fig. 15 shows that porosity and permeability variation influence the shape and the size of the heat plume. For example, the heat plumes have a narrower teardrop shape in the reservoir with a smaller porosity. In contrast, the heat plume expands in a more symmetrical manner for the reservoir with a lower permeability. The porosity and permeability variations forms the pressure distribution and the shape of the heat plumes.
Here only the effect of different porosity and permeability values on the performance of the energy production is addressed. The impact of other parameters such as reservoir heterogeneity, thermal properties of the reservoir rock and reservoir dimensions (e.g., thickness) need further demonstration.
Thermal energy consumption in the oil reservoir domain
Higher injection rates and injection temperature result in better oil sweep in the reservoir at a shorter time despite an earlier water breakthrough. This means that at high injection rate the heat could be transferred faster towards the production well leading to higher oil production. The improved oil recovery for some of the scenarios can be the same for a given cumulative energy consumption. This however happens at different time depending on the injection rate and the well spacing.
Very high injection temperature (e.g. 140°C) results in better oil recovery in a shorter injection time in spite of the fact that an additional source of energy is required to heat up the water for injection beyond the 100°C from the geothermal producer. This is true if only the net cumulative energy consumption is not a concern in the analysis. It is noteworthy to mention, such result is acceptable when the amount of the injection and production rates are the same. However, as mentioned earlier, the oil recovery is rather insensitive to increasing of the injection temperature at injection rate higher than the production rate. In this study the efficiency of heat exchangers as well as the economic analysis are not considered. Future work should address these for further improvement of the results.
Synergy of geothermal and heavy oil exploitation
The focus of this study is to examine a strategy for the integration of geothermal energy with heavy oil production from a stranded oil field exploitation. It is also important to find how many oil wells can be realised using a single geothermal doublet. Fig. 16 illustrates what fraction of the produced geothermal energy is required for the improved oil production. For example, for consuming about 10% of extracted energy from a geothermal doublet, 2.68 × 10 4 m 3 of oil could be produced which is about 6% of the OOIP (4.48 × 10 5 m 3 ) of the oil reservoir with the wellbore distance of 200 m. Therefore, the geothermal doublet could provide enough thermal energy for hot waterflooding for more than ten doublets in the oil reservoir considering that less geothermal energy is needed for heating up the injection water once the warm water has reached the production wells.
It is evident that the geothermal reservoir is able to provide the hot water required for the heating of the water for flooding of the oil reservoir as well as for the heating of greenhouses or other buildings nearby. Less than 7 percent of geothermal energy can produce 4.48 × 10 4 m 3 of oil ( Fig. 16b ) after 20 years when the wellbore distance is 200 m. Such amount of oil produced could make the geothermal business case independent of subsidies and may be a viable option to reduce the overall project cost.
Feasibility analysis
Geothermal projects, as renewable energy projects, are not economically attractive under a business as usual situation at the current state of development; for this reason subsidies are provided by energy and environmental authorities in order to increase the interest in such projects. The main hypothesis in this feasibility analysis is that the synergy between a geothermal and an EOR project would make the first subsidy-independent, therefore subsidies where not taken into account despite the fact that they could be received (making the project more interesting from an investor point of view).
The feasibility analysis is developed under a pre-royalty-pre-tax framework at this study (Fig. 17) ; the main reasons for this decision are legal. As there are no similar projects in the Netherlands it is not known how they would be taxed by the authorities; as well as how is going to be decided which equipment belongs to each side of the project (Geothermal-EOR for heavy oil). Similar to Aramburo Velez [56] , the oil price used is 50 USD/STB (∼45.5 Euro/STB), heat price 0.012 Euro/ kWh [57] and the discount rate is 8%. The Investment and Operational costs (CAPEX and OPEX) and the price of the heat used in the Economics of the Geothermal Project are based on a price per kilowatt (kW) output of heat as reported by ECN [57] . Table 4 compiles the information regarding the calculation of the NPV for the geothermal project and EOR project. It should be mentioned that, however, the cost associated with the wellbore distance reductions are not taken into NPV account.
The results show the synergy between geothermal and EOR of 200 m well spacing may reduce the required subsidy for a single doublet geothermal project up to 50%. This feasibility is also confirmed by study of Aramburo Velez [56] who studied utilisation of geothermal heat for thermal EOR in the Moerkapelle oil reservoir with horizontal wells. He pointed out that for scaling up the process and considering more than one doublet in a homogeneous oil reservoir, the extra oil and heat production obtained could pay for the project without requiring any subsidy [56] . The NPV analyses for different injection temperature show that, at higher injection temperature (e.g. 140°C) beyond the 100°C obtained from the geothermal producer the required subsidy for a single doublet geothermal project reduces up to ∼75% in spite of the fact that an additional source of energy is required to heat up the water for injection (Fig. 17b) . The positive effect on the NPV is partly due to the fact that injection of 140°C results in higher temperature of the water produced in the oil production well at the later time which reduces the cost of the heating of the injection water. This however requires more detailed analysis by considering the actual cost of different sources of energy for heating the injection water for the oil reservoir. 
Conclusion
In order to assess the synergy potential of the oil and the geothermal production examining different thermally enhanced oil recovery strategies by utilizing the combination of the two models: (a) a geothermal aquifer (Domain 1) and (b) an oil reservoir (Domain 2) is proposed. To this end, a finite element non-isothermal flow model for geothermal doublet and a non-isothermal flow transport modelling for the oil reservoir are utilised to handle the combined heat and multiphase flow simulations, respectively. The roles of injection temperature and flow rate, reservoir porosity, reservoir permeability and well spacing on the improved heavy oil recovery are addressed. On the basis of a multi parameter analysis the following can be concluded:
• For a long distance between the injection and production wells and short time period injection the high temperature profile does not arrive at the producer and hence the oil viscosity reduction just happens near the injector. No significant oil saturation alteration in the reservoir and near the producer is observed.
• The influence of injection rate on the magnitude of the oil recovery is complex and depends on operational conditions of water injection and production. The favourable oil recovery is obtained at a high amount of both injection rate and temperature. Studying the effect of injection temperature and rate reveal that the oil recovery will increase due to oil viscosity reduction.
• Low permeability and porosity in a heavy oil reservoir considerably impact the enhanced oil recovery. While the oil recovery is less effective in reservoirs with higher permeability, it improves for the reservoir with higher porosity values.
• After 20 years of continuous hot water injection, less than 7% of the energy extracted from a geothermal doublet can be utilised to improve the oil recovery factor by 10% in an oil reservoir when the produced hot water from the oil production well is taken into account.
• For a homogeneous reservoir, the synergy between geothermal and stranded oil fields may reduce the required subsidy for a single doublet geothermal project up to 50%. Furthermore, if subsidy independence is the objective, scaling up the project to more doublets would be the best option in these kind of reservoirs; such configuration would not only reduce the required subsidy to zero but would potentially produce additional profit, making the synergy project attractive from an economic point of view. Table 4 Variables used in the NPV calculation of the Geothermal and EOR sides of the synergy (after ECN [57] ). CAPEX and fixed OPEX are calculated with the capacity of the installations, while variable OPEX is calculated with the actual output of the system [56] .
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